abstract: Fossil data have been interpreted as indicating that Late Cretaceous tropical forests were open and dry adapted and that modern closed-canopy rain forest did not originate until after the Cretaceous-Tertiary (K/T) boundary. However, some mid-Cretaceous leaf floras have been interpreted as rain forest. Molecular divergencetime estimates within the clade Malpighiales, which constitute a large percentage of species in the shaded, shrub, and small tree layer in tropical rain forests worldwide, provide new tests of these hypotheses. We estimate that all 28 major lineages (i.e., traditionally recognized families) within this clade originated in tropical rain forest well before the Tertiary, mostly during the . Their rapid rise in the mid-Cretaceous may have resulted from the origin of adaptations to survive and reproduce under a closed forest canopy. This pattern may also be paralleled by other similarly diverse lineages and supports fossil indications that closed-canopy tropical rain forests existed well before the K/T boundary. This case illustrates that dated phylogenies can provide an important new source of evidence bearing on the timing of major environmental changes, which may be especially useful when fossil evidence is limited or controversial.
Modern tropical rain forests are one of the most important and species rich biomes on the planet. They can be defined as having a stratified closed canopy, as receiving abundant precipitation, as experiencing equable temperatures, and as containing woody angiosperm species, at least in the understory (Richards 1996; Whitmore 1998; Morley 2000) . During the past 20 years the view has become widespread that the expansion and diversification of this vegetation type occurred principally during the past 65 million years, following the mass extinction event at the CretaceousTertiary (K/T) boundary (∼65 Ma [Tiffney 1984; Wing and Boucher 1998; Morley 2000; Johnson and Ellis 2002; Ziegler et al. 2003 ]; Cretaceous and Cenozoic timescales following Gradstein et al. [1995] and Berggren et al. [1995] ). This hypothesis was initially supported by the rarity of large stems (Wheeler and Baas 1991; Wing and Boucher 1998 ) and large diaspores (Tiffney 1984; Wing and Boucher 1998) of angiosperms in the Cretaceous and by the marked increase in diaspore size in the Early Tertiary. Large seeds facilitate the establishment of seedlings under a rain forest canopy (Grime 1979) .
Studies of fossil leaves and wood Wolfe 1987, 1993; Wolfe and Upchurch 1987) partially corroborated this pattern by indicating that most Late Cretaceous floras of southern North America, which was tropical or nearly so, represented open and subhumid (though not deciduous) forests. This contrasts with fossil floras in the same areas after the recovery from the K/T extinction event, which resemble modern tropical rain forests Johnson and Ellis 2002) . However, floras from the early Late Cretaceous (Cenomanian; ∼100 Ma) of Kansas, Nebraska, and New Jersey have leaf sizes and morphologies characteristic of wetter climates . Upchurch and Wolfe (1993) interpreted one flora (Fort Harker, KS) as typical megathermal (120Њ mean annual temperature ) rain forest and as evidence against the view that such forests did not originate until the Tertiary.
The advent of strongly supported phylogenies of living plants based primarily on molecular sequence data provides a new source of evidence on questions of this sort. Here we argue that insights into the origin of modern tropical rain forests (as defined above) can be obtained by estimating the timing of the diversification of major angiosperm clades that inhabit these forests and by demonstrating that the habitat of the ancestral species of these diversifications most likely occurred in warm, wet, closedcanopy forests. This novel approach to examining biome evolution may help to break the impasse on the question of the age of the modern tropical rain forest when direct fossil evidence is limited.
One large clade of tropical flowering plants that is especially suited for such an analysis is Malpighiales (APG 2003) . Members of Malpighiales were previously assigned to 13 different angiosperm orders (Cronquist 1981) and are highly diverse in both morphology and species (Chase et al. 2002) . They include ∼16,000 species (∼6% of all angiosperms; numbers of species from Stevens [2003] ; total angiosperm species diversity from Thorne [2002] ) belonging to many well-known tropical groups and are an important component of the understory of tropical rain forests worldwide (table 1) . We used Bayesian, likelihood, and parsimony methods to estimate the phylogeny and divergence times of Malpighiales from approximately 6,300 base pairs (bp) of DNA sequence data representing all three plant genomes: plastid atpB and rbcL, nuclear ribosomal 18S, and mitochondrial nad1B-C. Given the resulting trees and data on the ecology of all major lineages of Malpighiales, we used both parsimony and maximum likelihood to reconstruct the probable habitat occupied by the first members of this highly diverse clade.
Material and Methods

Gene Sequencing
Our data sets include 124 species representing all traditionally recognized families of Malpighiales (APG 2003) ; outgroup species from the closely related clades Celastrales, Oxalidales, and Huaceae (APG 2003; Soltis et al. 2003) ; and members of the core eudicot clades Saxifragales (Davis and Chase 2004) and Caryophyllales (Soltis et al. 2003) . Seventy-seven, 32, 20, and 11 sequences were newly obtained for this study for atpB, rbcL, 18S, and nad1B-C, respectively; the remaining were obtained from GenBank. Amplification and sequencing protocols for atpB, rbcL, 18S, and nad1B-C followed Chase et al. (2002) , Hoot et al. (1995) , Soltis and Soltis (1997) , and Davis and Wurdack (2004) , respectively. Nucleotide sequences were aligned by eye; the ends of sequences, as well as ambiguous internal regions, were trimmed from each data set to maintain complementary data between taxa. The aligned plastid, nuclear, and mitochondrial data sets included 2,825, 1,653, and 1,887 bp, respectively. Supplementary information, including data matrices and trees analyzed in this study, is available from TreeBASE (http://www.treebase.org) or the appendixes to this article.
Phylogenetic Analysis
Parsimony bootstrap percentages (Felsenstein 1985) for each clade were estimated in PAUP * version 4.0b10 (Swofford 2003) from 10,000 heuristic search replicates, tree bisection-reconnection branch swapping, MulTrees on, and simple taxon addition (saving 10 trees per replicate). Parsimony bootstrap consensus trees generated from the three data sets revealed no strongly supported (≥90% bootstrap) incongruent clades between the independent analyses of the plastid, nuclear, and mitochondrial data sets and were subsequently analyzed simultaneously with parsimony and Bayesian methods (Whitten et al. 2000; Reeves et al. 2001) . Parsimony searches were performed as above, but with 100 random taxon addition replicates saving all optimal trees at each step.
To choose the optimal model of sequence evolution, we performed a series of hierarchical likelihood ratio tests (Felsenstein 1981; Huelsenbeck and Rannala 1997) using Modeltest version 3.06 (Posada and Crandall 1998) . Bayesian analyses were implemented in MrBayes version 3.0b4 (Huelsenbeck and Ronquist 2001) under the model GTR ϩ I ϩ G with default priors for the rate matrix, branch lengths, gamma shape parameter, and the proportion of invariant sites. A Dirichlet distribution was used for the base frequency parameters, and an uninformative prior was used for the tree topology. Ten chains were initiated with a random starting tree and run for one million generations sampled every 1,000 generations. Following a burn-in period of 200,000 generations, trees were sampled from the posterior distribution to calculate clade posterior probabilities.
Habitat Reconstruction
To infer the ancestral habitat of Malpighiales, we optimized the habitat of major lineages of extant Malpighiales onto the Bayesian tree with the highest likelihood score and onto the 162 most parsimonious trees using parsimony and maximum likelihood as implemented in Mesquite version 1.0 (Maddison and Maddison 2003) . The habitat of major lineages of extant Malpighiales was scored as a twostate character: either inhabiting warm, wet, closed-canopy forest (i.e., rain forest) or not. Habitat was either ascertained directly from floristic and monographic treatments or inferred with the aid of distributional information on rain forests in the Americas (Prance 1989a; Richards 1996) , Africa (White 1983; Richards 1996) , Asia (Richards 1996; Morley 2000) , and Australia (Richards 1996) . Malpighiales not found in tropical rain forests typically occur in savannahs or open woodland habitats in tropical latitudes. A relatively small number of clades (e.g., some Euphorbiaceae, Salicaceae, and Violaceae), however, occur in temperate zones. We scored tropical open forest and temperate-zone inhabitants as a single state, "nonwarm/wet/ closed," because our primary concern was whether Malpighiales occupied warm, wet, closed-canopy forest ancestrally. Habitat occupancy is a valid character for ancestral state reconstruction because it is directly related to intrinsic (genetically based) physiological characteristics of taxa that inhabit this biome (Webb et al. 2002) . For habitat scoring see appendix B.
We performed two reconstructions to ascertain the ancestral habitat of Malpighiales: one in which habitat was scored for each family (sensu APG [2003] ) and the other in which it was scored for all genera sampled in the phylogenetic analysis. The family-level scoring helped to avoid sampling bias by ensuring that habitats occupied by unsampled genera were also included. Taxa inhabiting both rain forest and open tropical/temperate habitats were coded as polymorphic. Assumptions about character weighting were evaluated under parsimony using step matrices (Maddison 1994) to explore how great a cost must be imposed on the transition from rain forest for the ancestral condition to be unambiguously open tropical/temperate (Ree and Donoghue 1998) . For the likelihood reconstructions, the single fixed tree topology with the highest likelihood score from Bayesian searches was input with branch lengths and analyzed under the general Mk1 model (Lewis 2001) with the rate parameter estimated from the data. Polymorphic taxa were analyzed as either 1 or 0, and each of these reconstructions was performed twice under the alternative state (i.e., four analyses in total).
Divergence Time Estimates
We chose the Bayesian tree from above to test for rate constancy among lineages. Branch lengths and an associated likelihood score were calculated on this tree in PAUP * under the optimal sequence model and associated parameters with, and without, a molecular clock enforced. The test statistic 2(
) was compared to a x 2 Ϫ ln L1 Ϫ ln L0 distribution (with degrees of freedom; n Ϫ 2 n p of taxa) to assess significance. A global molecular number clock was rejected ( ) for the combined data set. P ! .05 The nonclock tree was rooted with Dillenia and Peridiscus, which are members of the core eudicot clades Caryophyllales (Soltis et al. 2003) and Saxifragales (Davis and Chase 2004) , respectively (see app. C for full tree). Divergence times were estimated on this tree using penalized likelihood (PL; Sanderson 2002) as implemented in r8s version 1.7 (Sanderson 2003) . Penalized likelihood has been shown to outperform both clock and nonclock nonparametric rate smoothing methods when data depart from a molecular clock (Sanderson 2002) . This method relies on a data-driven, cross-validation procedure that sequentially removes taxa from the tree, estimates parameters without the removed branch, and calculates the x 2 error associated with the difference between the predicted and actual values. The optimal smoothing value for the global data set was 31.62.
To estimate standard errors associated with divergence times, we used the parametric bootstrapping strategy outlined by Davis et al. (2002) : 100 data sets were simulated on the r8 smoothed topology using the computer software Seq-Gen version 1.2.7 (Rambaut and Grassly 1997) ; re- [18] [19] [20] Perisyncolporites pokornyi Pollen Middle Eocene (49.0) Colombia Note: Each fossil taxon provides a reliable minimum age estimate for taxa sampled in this study. In the case of palynofossils, we selected only pollen types that were easily assignable to taxa included in our phylogenetic analyses. Palynofossils assigned to extant taxa are based on taxonomic assessments by Muller (1981) and updated accordingly for taxonomy and stratigraphy following the numerical references in appendix A (which includes a tree showing fossil constraints). For Cretaceous and Cenozoic timescales see Gradstein et al. (1995) and Berggren et al. (1995). sulting simulated data sets were imported into PAUP * , and branch lengths were estimated on the smoothed topology for each of these data sets with the sequence model and parameters estimated from the original data; and resulting branch length estimates from the simulated data sets were used to calculate the variance in divergence time estimates (i.e., 95% confidence interval).
We used four macrofossils and 11 palynofossils from the Cretaceous and Tertiary as reliable minimum age constraints for several internal clades (table 2). Two maximum age constraints were independently enforced for the basal node of the tree. We first constrained the basal node to be no older than 125 m.yr. This corresponds to the earliest known occurrence of tricolpate pollen, a synapomorphy that marks the eudicot clade, of which Malpighiales are a member (Magalló n et al. 1999; Sanderson and Doyle 2001; APG 2003) . The pollen fossil record has been intensively studied throughout the initial rise of angiosperms, and tricolpate pollen increases steadily in abundance and diversity from its first isolated reports in the late Barremian, becoming ubiquitous in the Albian. Hence, it has been considered unlikely that the eudicot clade originated much earlier than the late Barremian (Magalló n et al. 1999; Sanderson and Doyle 2001) . This may be an overestimate for the age of our basal node, which does not correspond to the entire eudicot clade but rather to core eudicots exclusive of Gunnerales (Soltis et al. 2003) . We also chose this date because it corresponds to the oldest molecular age estimate by Wikström et al. (2001) for our basal node (their node 12).
We also constrained the basal node to be no older than 109 m.yr., which was the youngest (and therefore the most conservative) age estimate by Wikström et al. (2001) for the same node. Our choice of this constraint was influenced in part by the fact that their youngest estimates dated the entire eudicot clade (their node 6) as 125 m.yr., which we have taken as a maximum age for eudicots based on the fossil record of tricolpate pollen (Magalló n et al. 1999; Sanderson and Doyle 2001) .
Results
Our phylogenetic analyses and clock-independent dating estimates indicate that all of the 28 major lineages within Malpighiales, plus the previously unplaced taxon Centroplacus (APG 2003) , originated well before the K/T bound-E40 The American Naturalist ary. Given our maximum age constraint of 125 m.yr. ( fig.  1 ), Malpighiales originated in the late Aptian (114 Ma), and most major clades began to diversify shortly thereafter. The optimal age estimates for 24 of these 29 clades imply that they originated within a 20-m.yr. time window , between the Aptian and through the Cenomanian: five during the late Aptian (114-112 Ma), 16 during the Albian (111-100 Ma), and three during the Cenomanian (98-94 Ma). Three more clades appeared during the , and the two most recently derived originated during the Campanian (76 Ma).
Optimal age estimates in which the maximum age constraint for our basal node was 109 m.yr. yielded similar results: Malpighiales originated in the mid-Albian (102 Ma), 24 of the 29 clades originated within a 13-m.yr. window (102-89 Ma) from the Albian to the Turonian, one during the Santonian (84 Ma), and four during the . These ages are more consistent with the fossil pollen record because most core eudicots have tricolpate pollen, which does not appear until within the Albian (e.g., Doyle and Robbins 1977) .
All of our age estimates for crown group Malpighiales are much older than those inferred by Wikström et al. (2001; their node 22, 81-74 Ma vs . our estimates of 119-101 Ma). The conclusion that their estimates are too young holds even without the use of molecular dating methods because fossil flowers of Clusiaceae, representing a fairly derived clade within Malpighiales (perhaps related to the modern genera Clusia and Garcinia), are known from the Turonian, about 89 Ma .
Tropical rain forest was inferred to be the ancestral habitat for Malpighiales, and for most of the clades shown in figure 1 . Under parsimony, a cost of between 2.67 and 3.01 for the Bayesian tree, and between 2.64 and 3.01 for the parsimony trees, had to be imposed on the transition from rain forest to open tropical/temperate habitats before the ancestral condition was inferred to be open tropical/ temperate. Maximum likelihood reconstructions yielded similarly robust results (table 3).
Discussion
As we have noted, fossil evidence indicates that tropical rain forest appeared after the K/T event in many areas where Late Cretaceous forests were apparently more open and dry adapted (Tiffney 1984; Wolfe 1987, 1993; Wolfe and Upchurch 1987; Wing and Boucher 1998; Morley 2000; Johnson and Ellis 2002; Ziegler et al. 2003) . Further expansion and taxonomic diversification of this biome took place during the Cenozoic. The PaleoceneEocene transition (∼50 Ma) was characterized by high global temperatures (Wolfe 1978; Upchurch and Wolfe 1987; Zachos et al. 2001 ) and coincided with a significant increase in low-latitude palynofloral diversity . A similar, although less pronounced, climatic optimum during the mid-Miocene (∼15 Ma; Zachos et al. 2001) resulted in the reexpansion and diversification of rain forests worldwide (Morley 2000) . Finally, Quaternary (1.6-0 Ma) glacial cycles are thought to account for the diversification of many species-rich rain forest clades (Prance 1982; Whitmore and Prance 1987; Behrensmeyer et al. 1992; Richardson et al. 2001) . Major geological events during the Cenozoic also facilitated the intercontinental migration of tropical plants, for example, the closing of the Tethys Seaway (Hall 1998) , Paleogene land connections across the North Atlantic (Tiffney 1985a (Tiffney , 1985b Davis et al. 2002a) , and Neogene uplift of the Andes and the closure of the Isthmus of Panama (Gentry 1982; Burnham and Graham 1999) .
Although these Cenozoic events surely contributed to the diversification of many rain forest clades, age estimates for Malpighiales suggest that its major lineages originated well before the K/T boundary. The simplest interpretation of our results is that Malpighiales occupied closed-canopy, moist, megathermal forests (i.e., rain forests) during their early evolution in the mid-Cretaceous. The alternative, that preexisting lineages in Malpighiales entered the rain forest habitat independently, would require that all the various morphological and physiological adaptations associated with living in this environment (Richards 1996; Whitmore 1998 ) evolved independently in most of the 29 major lineages and that all their non-rain forest ancestors went extinct. It could be that Late Cretaceous Malpighiales lived in the wettest, most shaded local habitats in open subhumid forests, as suggested by the fact that Turonian Clusiaceae, used as our oldest minimum age constraint (Crepet and Nixon 1998), are from a flora (South Amboy) thought to represent the subhumid interval and were "preadapted" to the appearance of rain forest climates. However, under this scenario we would expect to find more lines of Malpighiales persisting today in drier areas.
Limited Cretaceous fossil data Wolfe 1987, 1993; Wolfe and Upchurch 1987; Morley 2000) suggest that angiosperm-dominated moist megathermal forests had arisen by the Cenomanian in the interval of the inferred origin of most rain forest clades in Malpighiales. Cenomanian leaves from the Dakota Formation of Kansas and Nebraska and the lower Raritan Formation of New Jersey (Woodbridge Clay) are physiognomically diverse and show many of the foliar adaptations characteristic of understory plants of modern tropical rain forests (Richards 1996) , including large leaves with entire margins and drip tips, as well as plants with probable vining habits (Upchurch and Wolfe , 1993 Wolfe and Upchurch 1987; Morley 2000) . A flora from the Dakota Formation near , , , ,
. For complete 124-taxon chronogram, see appendix C. Pliocene/Pleistocene a Reconstruction judged best as determined by a log-likelihood decline of at least two units between states (i.e., the threshold value).
Fort Harker, Kansas, contains especially large leaves and was cited Wolfe 1987, 1993; Wolfe and Upchurch 1987) as evidence that typical rain forest originated much earlier than others have argued. This inferred period of wetter climates is also supported by paleoclimatic reconstructions for the Cenomanian (Barron and Washington 1985; Barron et al. 1989; Beerling and Woodward 2001) , which indicate that mid latitudes may have been similar in precipitation and temperature to present-day low latitudes. Moreover, vegetation simulations for the mid-Cretaceous suggest that rain forests could have existed in low-latitude regions of present-day South America, Africa, northern Australia, and India (Beerling and Woodward 2001) , and they may have persisted in similar areas until the latest Cretaceous (Otto-Bliesner and Upchurch 1997; Upchurch et al. 1998; Beerling and Woodward 2001) .
Extraordinary fossil evidence from the Castle Rock flora of Colorado suggests that highly diverse rain forests were present in North America shortly after the K/T boundary (Johnson and Ellis 2002) . Johnson and Ellis (2002) interpreted these forests as a new phenomenon of the Cenozoic, but our phylogenetic evidence from Malpighiales, ancillary evidence from Cenomanian floras such as Fort Harker, and paleoclimate models suggest instead that on a global scale, rain forests may be much older. Any Cretaceous rain forests, however, must have been more geographically restricted than those that developed during the Cenozoic. Although tropical floras are well known at middle latitudes in the Late Cretaceous, most of them indicate subhumid conditions. However, this does not rule out the existence of wet megathermal vegetation at lower latitudes, where there are numerous fossil pollen floras but megafossil floras, which allow more direct inferences on physiognomy of the vegetation, are rare and poorly known .
The rarity of large angiosperm diaspores during the Cretaceous and their increased size after the K/T boundary have also been cited as evidence that closed-canopy environments like those of modern rain forests were not present during the Cretaceous (Tiffney 1984; Wing and Boucher 1998) . This assumed that larger diaspores help seedlings become established and survive better in heavily shaded environments such as the understory of tropical rain forests. Recent studies (Grubb 1996 (Grubb , 1998 Grubb and Metcalfe 1996) , however, suggest that large diaspores, while an advantage in low-light environments, are not a requirement for successful germination and establishment in the rain forest and may relate more to the ability to germinate on dense leaf litter than to light availability (see also Feild et al. 2004 ). Seeds of contemporary Malpighiales are on average larger than the mean for samples of all angiosperms (A. Moles, personal communication, Seed Information Database, Kew Gardens). However, the clusiaceous fossil flower from the Turonian of New Jersey was small, with a multiovulate ovary !1 mm in diameter (Crepet and Nixon 1998). It is possible that the paucity of large Cretaceous diaspores is partly a function of poor sampling of low-latitude floras. Large fruits and seeds from the Campanian-Maastrichtian of West Africa were the main exception noted by Wing and Tiffney (1987) to their generalization that Cretaceous angiosperm diaspores were small (cf. Chesters 1955) . Another possibility is that the small size of Cretaceous diaspores reflects not so much open environments as the absence of bird and mammal dispersers, whose radiation after the K/T event has been proposed as an alternative explanation for the Early Tertiary increase in diaspore size (Wing and Tiffney 1987) .
Malpighiales account for up to 40% of the understory tree community in tropical rain forests (table 1) . We suggest that Malpighiales were among the earliest angiosperm colonizers of the understory in the Cretaceous (Crane 1987) , following representatives of the basal ANITA grade, which have been depicted as playing a similar role at the earliest stages of the angiosperm radiation (Feild et al. 2004 ). ANITA-grade plants, some eumagnoliids, and Malpighiales may have successfully competed with existing nonangiospermous plants in the understory, and Malpighiales may have filled a niche that was less occupied by the other new angiosperm groups: the small, subcanopy tree. Modern Malpighiales are often 2-10 m tall, are able to grow and reproduce without direct sunlight, and are more flexible in growth habit than cycad-like seed plants (Crane 1987; Feild et al. 2004) , that is, like ANITA-grade plants but generally taller. The recently documented (Schneider et al. 2004 ) Late Cretaceous radiation of derived ferns (Polypodiaceae sensu lato) may represent a parallel occupation of forest floor and epiphytic niches.
Most angiosperm wood fossils from the mid-Cretaceous are relatively small (Crane 1987; Wing and Boucher 1998) , suggesting that the forest canopy at the beginning of the radiation of Malpighiales was dominated by large conifers (Crane 1987) . The diversity of conifers remained relatively steady during the late Albian-early Cenomanian, whereas cycadophytes, pteridophytes, and pteridosperms exhibited dramatic declines. Crane (1987) suggested that the latter taxa were replaced by angiosperm shrubs or small trees. A similar mixture of dicotyledonous trees and conifers is found today in the heath and montane forests of southeast Asia, which contain emergent Agathis or Dacrydium species, and the giant Araucaria-and Agathis-dominated rain forests of Queensland, New Guinea, New Caledonia, and New Zealand (Richards 1996) . By the time of the Cenomanian Dakota and Raritan floras, however, the shift in the dominant trees from conifers to angiosperms had probably occurred Wolfe 1987, 1993; Wolfe and Upchurch 1987; Cantrill and Poole 2005) .
The pattern exhibited by Malpighiales may be paralleled by other similarly diverse tropical clades. Ericales (APG 2003) , for example, form a well-supported clade (Bremer et al. 2002) and are morphologically heterogeneous; their members have been placed in 11 different angiosperm orders (Cronquist 1981) , and they are similarly species rich (∼11,000 species; see Stevens 2003 and Thorne 2002 figure A1 . Exact placement of fossil constraints are shown in figure A1 using the same numbered references. Palynofossils assigned to extant taxa sampled in our data set were based on taxonomic assessments by Muller (1981) and updated accordingly for taxonomy and stratigraphy using the references below. Maximum age constraints of 125 and 109 Ma assigned to the basal node from Magalló n et al. (1999) and Wikström et al. (2001) , respectively. (Prance 1970 (Prance , 1972a (Prance , 1973 (Prance , 1989a 1989b (Prance 1972a (Prance , 1973 (Prance , 1989b Clusiaceae TRF (Kubitzki 1978; Cronquist 1981; Robson 1981 ) Clusia gundlachii Stahl Chase 341 (NCU) AY788209 Z75673 AY788278 AY674584 TRF (Cronquist 1981) E48 OT/T and TRF (Hoogland 1979 (Hoogland , 1981 Bradford 1998 Bradford , 2002 (Perkins 1909; Baas 1972 ; Takhtajan 1997) Afrostyrax sp.
Cheek 5007 (K) AJ235385 AJ235771 AY674645 AF206840 TRF (Perkins 1909; Baas 1972; Takhtajan 1997) E51 (Hutchinson 1973; Robson 1974 Robson , 1977 Robson , 1981 Robson , 1987 Robson , 1990 ) Hypericum spp.
Chase 837 (K); Wurdack D492 (US) AF209602 AF206779 AY674715 AF206934 OT/T (Hutchinson 1973; Robson 1974 Robson , 1977 Robson , 1981 Robson , 1987 Robson , 1990 (Veldkamp 1967 (Veldkamp , 1971 Robertson 1975 ) Pandaceae TRF (Forman 1966 (Forman , 1971 Airy Shaw 1975; Cronquist 1981; Webster 1994b ) Galearia filiformis (Blume) Boerl. Chase 1334 (K) AY788222 AJ418818 AY674698 AY674598 TRF (Forman 1966 (Forman , 1971 Airy Shaw 1975; Webster 1994b ) Microdesmis spp.
Gereau et al. 5654 (MO); Cheek 5986 (K) AY788238 AJ402975; AJ403029 AY674737 AY674618 TRF (Léonard 1961; Forman 1966; Airy Shaw 1975; Webster 1994b ) Panda oleosa Pierre. Schmidt et al. 2048 (MO) AY788242 AY663644 AY788281 AY788153 TRF (Forman 1966 (Forman , 1971 Webster 1994b ) Passifloraceae s.s. b OT/T and TRF (Killip 1938; Brizicky 1961a; de Wilde 1971 de Wilde , 1972 HolmNielsen et al. 1988; MacDougal 1994) E54 (2003). For example, representatives of Chrysobalanaceae, Dichapetalaceae, Euphroniaceae, and Trigoniaceae were scored separately rather than as Chrysobalanceae sensu lato. Other similar strict circumscriptions were followed for Ochnaceae, Passifloraceae, and Rhizophoraceae. Peridiscaceae have been excluded from Malpighiales following Davis and Chase (2004) . Recent molecular evidence indicates that holoparasitic Rafflesiaceae s.s. are members of Malpighiales (Barkman et al. 2004; Davis and Wurdack 2004) . They were not included in our data sets due to missing data. This is because the genes sampled here are largely unsuited for phylogenetic placement of Rafflesiaceae s.s. due to their reduced chloroplast genome (specifically, the loss of atpB and rbcL) and hypothesized horizontal gene transfer of mitochondrial nad1B-C from their obligate hosts Tetrastigma (Davis and Wurdack 2004) .
c Both genera are combined as one family OTU for molecular analysis. d Empresa Brasileira de Pesquisa Agropecuária. e Newly proposed family affiliation.
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